We report a structure of a trimeric glutamate transporter homolog from Pyrococcus horikoshii with two protomers in an inward facing state and the third in an intermediate conformation between the outward and inward facing states. The intermediate shows a cavity in the thinnest region of the transporter, which is potentially accessible to extracellular and cytoplasmic solutions. Our findings suggest a structural principle by which transport intermediates may mediate uncoupled permeation of polar solutes.
Previously reported crystal structures have captured the archaeal glutamate transporter homolog Glt Ph as a symmetric trimer with all protomers in the outward facing state (OFS) 6, 7 and a mutant, Glt Ph -K55C A364C Hg , with protomers trapped in the inward facing state (IFS) by intramolecular mercury (Hg 2+ )-mediated cross-linking 8 . These structures showed that each protomer contains a transport domain, which binds substrate and ions and traverses ~15 Å of the membrane along the trimerization domain, moving its cargo between the extracellular milieu and the cytoplasm (Supplementary Fig. 1 ).
To test whether the Glt Ph -K55C A364C Hg structure captured the transporter in an energetic minimum, we undertook a cross-linking study, focusing on the possibility that the transport domain may move further inward (Supplementary Fig. 1 and Supplementary Methods). However, the analysis of the stoichiometry of Hg 2+ -binding to double cysteine mutants revealed that only positions adjacent in the Glt Ph -K55C A364C Hg structure were cross-linked (Supplementary Discussion and Supplementary Figs. 2 and 3) . For instance, Glt Ph -V216C M385C Hg was cross-linked, and its crystal structure was identical to that of Glt Ph -K55C A364C Hg ( Supplementary Fig. 4 Fig. 2d ), has been captured because the iOFS is a relatively low-energy, accessible state and because crystalpacking contacts stabilize this state ( Supplementary Fig. 8 ).
The IFS protomers in Glt Ph -V198C A380C Hg are not cross-linked and are essentially indistinguishable from those in Glt Ph -K55C A364C Hg , suggesting that the observed conformation represents an energetic minimum within the transporter conformational space. In the new iOFS, the transport domain has moved ~3.5 Å toward the cytoplasm compared to the OFS and has rotated ~15° (Fig. 2a,b and Supplementary Fig. 9a ). This rearrangement corresponds to one-fourth and one-half of the complete translation and rotation, respectively, of the transport domain transitioning from the OFS to the IFS. We hypothesize that this early rotation of the domain before inward movement may be necessary to maintain the seal at the interface with the trimerization domain. Notably, the OFS-to-iOFS transition also involves conformational changes in the trimerization domain, encompassing helix TM1 and peripheral portions of TM2 and TM5 (Fig. 2c) . In a concerted manner, these helices lean away from the trimer center by up to ~7.0 Å to accommodate rearrangement of the TM5-TM6 loop, which connects trimerization and transport domains, and/or to facilitate passage of the TM8 kink across the trimerization domain surface (Supplementary Fig. 9b,c) . As a result, a crevice between the transport and trimerization domains widens substantially, exposing part of the interface to the membrane core (Fig. 2b) . We speculate that lipophilic molecules could enter such hydrophobic crevices, potentially stabilizing intermediate states, and note that EAATs are indeed modulated by polyunsaturated fatty acids [9] [10] [11] .
In the central region of the trimerization domain, TM2 and TM5 cross the membrane at an oblique angle and constitute the thinnest part of the transporter, separating the extracellular solution and the cytoplasm by ~15 Å (Supplementary Fig. 1 ). The structure of these helices, which participate in intersubunit interactions, is identical in the OFS, iOFS and IFS (Fig. 2c) . In the OFS, the C-terminal arm of the helical hairpin 1 (HP1) and the N-terminal half of TM7 pack against this region. In the IFS, two arms of HP2 take their place (Fig. 3a) . Notably, even though different transport domain residues interact with the trimerization domain in the OFS and the IFS, they are similar in hydrophobicity and size. Transitioning from the OFS to the iOFS, the transport domain moves inward by about one turn of a helix, substantially altering the configuration of the interface. In particular, the nonhelical regions at the tips of HP1 and HP2 and the unwound region of TM7 enter the interface (Fig. 3a) . Furthermore, the transport domain interfacial residues are smaller in size and more polar. For example, positions occupied by Leu282, Met286 and Pro304 in the OFS are taken by Ser279, Leu282 and Thr308 in the iOFS (Fig. 3a) . These changes, accentuated by a slight distancing of TM7 from the trimerization domain, result in the formation of a cavity lined by conserved hydrophobic residues in TM2 and TM5 of the trimerization domain and flanked on the cytoplasmic side by two polar residues, Ser65 and Tyr195 ( Fig. 3b and Supplementary  Fig. 10 ). Ser65 and Tyr195 are completely occluded from the extracellular solution in the OFS and IFS and are also occluded from the cytoplasm in the OFS. However, in iOFS, they are exposed to the cytoplasm and, through the interfacial cavity, may also become accessible to the extracellular solvent. Notably, Ser65 has been implicated in anion permeation in EAATs and Glt Ph 12, 13 . Moreover, Ser65 is thought to be part of the selectivity filter in EAATs because mutations at this position alter anion selectivity 12 . Also, mutations of other residues at or near the domain interface modulate uncoupled anion fluxes through the transporter (Supplementary Fig. 11 ) 12, 14 . Based on these data, we hypothesize that during the transition from the OFS to the IFS, a cavity at the domain interface, similar to the one observed in our iOFS structure, may provide a transient permeation pathway for anions. If so, modifications, which prevent the progression of the transporter to the IFS but allow it to reach conducting intermediates, should abrogate substrate transport but retain anion conductance. Indeed, such mutations have been reported for EAATs (Supplementary Fig. 11 ). Specifically, modifications of cysteines introduced into HP2 and the extracellular end of TM6 with bulky charged reagents prevent coupled transport but preserve or even increase the substrate-gated anion conductance [15] [16] [17] [18] . In the OFS and the iOFS, these residues are solvent-exposed, but in the IFS, the residues in HP2 are buried at the domain interface, and the residue in TM6 descends into the hydrophobic core of the membrane. Modifications of these residues may render the IFS inaccessible and favor the OFS and the intermediate states. We also note that the transport domain movement trajectory, deduced from the iOFS structure, suggests that the sodium ion in the Na2 site will enter the domain interface moving toward Ser65 (Fig. 3a) , perhaps contributing to the anionic selectivity of the pathway. Consistently, whereas coupled transport by EAAT3 is driven by both sodium and lithium ions, the latter do not support anion conductance 19 .
In conclusion, the iOFS structure demonstrates how potentially solvent accessible cavities may form in glutamate transporters during transport, possibly accounting for their reported sodium-and substrate-gated permeability to a range of polar solutes, including water, urea and anions 20 . Finally, we hypothesize that such cavities may either yield a conducting channel or harbor binding sites with alternate accessibility to the extracellular and intracellular solutions, owing to movements of the transport domain. In the latter case, multiple transitions between the OFS and IFS before substrate release could also account for nonstoichiometric transport of these solutes.
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Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Accession codes. Data and coordinates for the Glt Ph -V216C M385C Hg and Glt Ph -V198C A380C Hg structures have been deposited at the Protein Data Bank with the accession codes 3V8F and 3V8G, respectively.
